The Reformatsky reaction is a venerable named reaction that was introduced more than 120 years ago. Diastereoselective variants based on the use of chiral auxiliary and enantioselective protocols, based on the employment of stoichiometric amount of chiral ligands, have been successfully applied in organic synthesis during the years. However, a facile and general catalytic enantioselective variant was still a difficult task. Recently, we have established a new general and straightforward methodology for catalytic enantioselective Reformatsky reaction based on different concepts. In this paper, we present our general finding in catalytic enantioselective Reformatsky reaction of ketones, imines, and aldehydes. Our simple methodologies could become benchmark reactions for testing new synthesized chiral ligands for asymmetric transformations.
Adrian also suggested the use of less nucleophilic Me 2 Zn as a zinc source because it has less reactivity, compared to Et 2 Zn, and produces no by-products derived from the transfer of a methyl group to the electrophiles. Adrian introduced another concept in his one-pot, three-component Reformatsky reaction with imines [9] . The classic Reformatsky reaction with imines presented the problem that a mixture of β-lactams and β-aminoesters was often isolated, because of the reaction conditions and imine partner. The use of a chelating imine, derived from o-methoxy aniline, was able to direct the Reformatsky reaction toward obtaining the β-amino ester. The o-methoxyaniline protecting group can be deprotected with an oxidative cleavage, and one of the newest reagents recently introduced was PhI(OAc) 2 [10] . The one-pot reaction conditions, coupled with a chelating imine, were key concepts for our first enantioselective one-pot, three-component Reformatsky reaction, carried out in the presence of an excess of N-methylephedrine as a chiral ligand [11] . Good enantiomeric excess (up to 92 %) and moderate yield were obtained, with the reaction showing a broad scope (Scheme 6).
It is worth noting the various tasks performed by Me 2 Zn in these reactions: (a) Me 2 Zn is the dehydrating agent responsible for the formation of the imine in situ; (b) Me 2 Zn is able to reduce the Ni(II) salt to nickel(0); (c) Me 2 Zn reacts with the incipient nickel enolate to form the reactive zinc enolate; and finally (d) Me 2 Zn is able to coordinate N-methylephedrine, the amino alcohol used as a chiral ligand. A redox cycle can be suggested for the formation of the zinc enolate (Fig. 1) .
A key feature of the cycle is the formation of metal enolate with low reactivity (Rh, Ni), unable to react with the imine. We immediately started a program directed toward the development of a catalytic version. In the homogeneous version of the Reformatsky reaction developed by Adrian, Honda, and us, the nickel complex is acting in the key step of the insertion in the halocarbonyl compound; therefore, we focused our attention toward the employment of a catalytic amount of nickel, in the presence of a suitable chiral ligand. Precedent work published by Fu [12] guided our investigation. The amide 8 was prepared and reacted with benzaldehyde in the presence of many different chiral ligands (Scheme 7) [13] . Unfortunately, in the best result obtained through the use of Roche's MeO-BiPHEP diphosphine as the chiral ligand [14] , we recorded only 10 % of the enantiomeric excess. The reactivity of the zinc enolate was too high in order to allow the control of the reaction with chiral ligands, and probably, the nickel enolate formed in the initial step was rapidly transformed in the high reactive zinc enolate. In order to influence the formation of the zinc enolate, and controlling its concentration, we used another concept. The halogen-metal exchange is activated by ligands with high coordination numbers and capable of a strong donation [15] . In these transmetallations, the formation of ate transition states is responsible for the exchange reaction occurring between the two reagents. Moreover, the exchange of bimetallic reagents, prepared in the presence of inorganic salts, is determined by the saturation of the exchanged metal [16] . In fact, functionalized zinc reagents can be prepared by exchange reactions with Et 2 Zn, or with the more reactive iPr 2 Zn [17]; magnesium salts can strongly accelerate these reactions, and the formation of ate complex is involved in the accelerating effects. It is well known that zinc enolate can be prepared by the direct exchange of iodo esters with Et 2 Zn [18] or iPr 2 Zn [19] . Enantioselective Reformatsky variants, based on the exchange between iodoacetate and Et 2 Zn, have also been developed [20] . The basic concept that we have applied in catalytic enantioselective Reformatsky reaction was to realize a controlled and mild formation of zinc enolate, using the less reactive Me 2 Zn in the presence of a chiral zinc metal complex. Me 2 Zn has lower reactivity, and even in the presence of chiral ligand its addition to aldehydes is not so straightforward [21] . We thought that a homogeneous version of the Reformatsky reaction, coupled with a system able to accelerate the exchange between iodoacetate and Me 2 Zn, and controlling the formation of the reactive enolate, would be effective in a catalytic Reformatsky reaction. Many different ligands were tested, performing the model reaction in the presence of benzaldehyde and acetophenone. In general, no reaction occurs, even in the presence of amino alcohols. Among all ligands tested, we discovered that the exchange reaction was catalyzed by salen ligands. Although is still unclear how (see infra), the salen ligand was able to accelerate this exchange; probably the Lewis basic-acid nature of the metal salen complexes played a decisive role [22] . Different salen complexes were tested, and among them ClMn(salen) (Scheme 8) emerged as the most effective catalyst, in the reaction with benzaldehyde. Studying the corresponding reaction with acetophenone gave a higher value of enantiomeric excess; therefore, this model reaction was systematically studied. Different ClMn(salen) complexes were also synthesized and tested, with scarce results.
The reaction conditions were varied in the case of different ketones, and the additive 4-phenylpyridine-N-oxide was found to be important, performing the reaction in tBuOMe [23] . Highly diluted conditions and 20 mol % of ClMn(salen) were necessary in order to guarantee higher enantioselectivity in the reactions. In these conditions, the reaction is quite sluggish, and several days were necessary in order to reach a good conversion. Moreover, the ClMn(salen) appears unstable toward the selected reaction conditions, and a slow but progressive transformation of ClMn(salen) in Zn(salen), due to the presence of excess of Me 2 Zn, took place. The reaction conditions were tested with the one-pot, threecomponent imino Reformatsky reaction, without a great success. However, N-methylephedrine, in conjunction with the use of ethyl iodoacetate, was found to be the effective chiral ligand. In order to promote the reaction using a catalytic amount of N-methylephedrine, a systematic investigation of the reaction parameters was undertaken, and during these investigations, it was clear that the transmetallation between iodoacetate and Me 2 Zn was sometimes accelerated. Many reaction conditions were investigated, but somehow, the key point was missing. The results seem to have been not reproducible. Finally, it was clear that adventitious traces of air were ultimately responsible for the effective transmetallation. Consequently, air was introduced into the reaction flask though a dry-tube, and good yield and excellent enantioselectivity were obtained in the one-pot, three-component imino-Reformatsky reaction with aromatic, aliphatic, and heteroaromatic aldehydes (Scheme 9) [24] .
The activation of Me 2 Zn seems to be possible using this quite different concept. It is well known that Me 2 Zn in the presence of oxygen generates alkyl peroxides (ZnOOR), which are able to initiate radical reactions [25] . Zinc enolate can be generated via a radical mechanism (Fig. 2) , and the catalytic enantioselective addition of these enolates to imines can then be carried out for the first time. some literature precedents for the generation of enolate mediated by the radical process described by Oshima [26] . Similarly, Et 3 B has been used as a radical initiator, and Danishefsky has found that boron enolate can easily be prepared by exchange reaction at a low temperature with an iododerivative in a boron Reformatsky process [27] . Finally, it is worth mentioning that Tomioka has used Me 2 Zn for promoting radical reactions [28] . This way of generating zinc enolate is also suitable for a catalytic enantioselective Reformatsky reaction with aldehydes, using the appropriate amino alcohol. We started the detailed investigation of a new catalytic Reformatsky reaction with aldehydes studying different amino alcohols and performing the reaction in concentrate conditions, N-pyrrolidinylephedrine was found to be the best ligand for this transformation, and the reaction conditions were varied accordingly [29] . In particular, slow addition of the reagents was investigated, showing that the diluted conditions were essential for reaching good stereoselectivity, then a mixture of solvents (diethyl ether and THF) in 0.03-0.04 M concentration were used. In these conditions, we reached good enantiomeric excess in the model reaction with benzaldehyde, operating at 0 °C. The generation of the enolate seems mediated by a radical cycle, in which a promoter is necessary. Several types of oxidants, operating via the single-electron tunneling (SET) mechanism or via direct oxidation, are able to generate radical species and, therefore, were also investigated. The model reaction with benzaldehyde, in the absence of chiral ligand, was carried out with different oxidants, used in 20 mol %; Table 1 reports the results obtained. Different oxidants used in the catalytic amounts of 20 mol % are suitable to induce the formation of radicals and to promote the formation of the zinc enolate in the homogeneous reaction conditions [29] . These results were optimized with different aldehydes, using two different protocols in the function of the type of substrates employed in the reaction. From the results obtained, air was considered the least expensive and available oxidant for promoting the reaction. In the case of non-enolizable aldehydes, using Ph 3 P=O in 30 mol % as additive added to the preformed enolate (generated by introduction of air to the reaction flask containing Me 2 Zn and ethyl iodoacetate), we have obtained in 1-2 h excellent yields for almost all types of aromatic aldehydes tested. For enolizable aldehydes, the rapid and successive addition of all of the reagents in the reaction flask gave excellent yields [29] . This protocol P. G. COZZI et al.
was applicable also to ketone, and to halo ketones, substrates highly susceptible under basic conditions, and toward basic enolates. The enantioselective variant of the reaction is still under investigation, but preliminary results obtained with benzaldehyde and acetophenone (Scheme 10) are quite promising [29] .
Although a detailed mechanistic investigation is necessary in order to conclude that radical species are involved in these catalytic reactions, recently published results are connecting quite diverse protocols that we have discovered. Van Koten reported some years ago that complexes of alkylzinc are able to undergo SET reactions liberating radicals [30] . It is quite remarkable that when we studied the generation of the zinc enolate in the presence of chiral ligands or metal complexes, only salen (performing the reaction under strictly anaerobic conditions) or salen metal complexes were able to activate iodoacetate toward the transmetallation with Me 2 Zn. Recent results reported by Stack point out that SET reaction in the presence of salen ligand are able to form radical species [31] . The generation of the radical promoted transmetallation of iodoacetate with Me 2 Zn with air or via salen are in some way related and are showing that there are open possibilities for designing a successful catalytic cycle for generating enolate with different metal precursors and alkyl reagents. The fine-tuning of these processes may give the possibility to explore new chemistry and new reactions, allowing the formation of the challenging quaternary stereogenic centers in a controlled and simple way. These and other options are under active investigation in our laboratory, and we hope to open a new venue to the old but still respectable Reformatsky reaction.
